This study aims at determining the accuracy of a full body inertial measurement system in a real skiing environment in comparison with an optical video based system. Recent studies have shown the use of inertial measurement systems for the determination of kinematical parameters in alpine skiing. However, a quantitative validation of a full body inertial measurement system for the application in alpine skiing is so far not available. For the purpose of this study, a skier performed a test-run equipped with a full body inertial measurement system in combination with a DGPS. In addition, one turn of the test-run was analyzed by an optical video based system. With respect to the analyzed angles, a maximum mean difference of 4.9° was measured. No differences in the measured angles between the inertial measurement system and the combined usage with a DGPS were found. Concerning the determination of the skier's trajectory, an additional system (e.g., DGPS) must be used. As opposed to optical methods, the main advantages of the inertial measurement system are the determination of kinematical parameters without the limitation of restricted capture volume, and small time costs for the measurement preparation and data analysis.
The determination of biomechanical parameters in alpine skiing is essential for both, training of top level athletes as well as scientific research (Müller et al., 2002) . In contrast to laboratory studies, the number of potential methods for the determination of biomechanical parameters in a real skiing environment is limited due to the prevailing conditions. Aside from dynamometric measurements, the analysis of the skiing techniques in alpine skiing has therefore been often limited to the use of optical kinematical methods (Brodie et al., 2007) . One of the most commonly used methods for determining kinematical parameters is the application of optical video based systems (Müller, 1986; Raschner et al., 1996) .
Apart from several advantages, optical video based systems show a number of disadvantages with respect to the application in alpine skiing. A limited capture volume, the expenditure of time and equipment, limitations concerning the determination of acceleration data, and the practicability in the training process account for the main drawbacks of such systems (Mayagoitia et al., 2002; Zheng et al., 2005; Zijlstra & Bisseling, 2004) .
Due to the ongoing miniaturization, the application of inertial measurement systems in sport scientific research is becoming increasingly practicable. Such systems are based on the measurement of inertia by sensors (accelerometers and gyroscopes). There are few studies on the usage of such systems in alpine skiing (Brodie et al., 2007 (Brodie et al., , 2008b (Brodie et al., , 2009 Krüger et al., 2007; Supej, 2009; Wägli & Skaloud, 2007) . The investigations of Brodie et al. (2008b Brodie et al. ( , 2009 ) and Supej (2009) examined the application of a full body inertial measurement system for the determination of kinematical parameters in alpine skiing. Due to limitations of the used systems, the determination of the absolute position of a skier in space is hardly possible. To overcome this problem, additional systems can be applied (Brodie et al., 2008b (Brodie et al., , 2009 Supej, 2009) . Supej (2009) showed that the combined application of a full body inertial measurement system and a differential GPS system (DGPS) is suitable for alpine skiing. It demonstrated advantages over optical methods particularly with the capture volume, measurement preparation, and analysis time (Supej, 2009 ). However, the accuracy of inertial measurement systems depends on the specific application and the sensor fusion algorithm used by the systems (Brodie et al., 2008a) . A quantitative validation of a full body inertial measurement system concerning the measurement accuracy for the application in a real skiing environment is so far not available.
The aim of this study was to determine the accuracy of a full body inertial measurement system for the application in alpine skiing in comparison with an optical video based system.
Method Data Collection
A ski instructor equipped with a full body inertial measurement system (Moven, Xsens Technologies, The Netherlands) performed a test-run on a well prepared slope. The inclination of the slope was approx. 18°. The distance between the starting and the end point of the ski track was 210 m (Figure 1 ). The full body inertial measurement system consisted of 16 sensor units and two transmission units. The sensor units were placed in a suit worn by the skier and thus fixed to the boots, lower legs, upper legs, pelvis, shoulders, head, upper arms, forearms and hands of the subject. The sample rate was 120 Hz. The sensor units included gyroscopes, accelerometers and magnetic sensors. Magnetic sensors and accelerometers were used to determine the orientation of the sensor units with respect to the earth magnetic field and with respect to the local vertical (gravity) respectively. This information was used to continuously correct the sensor orientation obtained by integrating gyroscope data (drift elimination). Using a biomechanical model, segment kinematics were estimated subsequently. The detection of contact points with the surroundings and supplementary information from aiding sensors (e.g., DGPS) can be used to correct the estimated segment kinematics and the position of the model in space (Figure 2 ) (Roetenberg et al., 2009 ). Based on this sensor fusion algorithm, a 3D model of the skier was generated using Moven Studio 2.1 software (Xsens Technologies, The Netherlands). Due to the above mentioned disadvantages of the inertial measurement system for the application in skiing, a DGPS (GPS1200, Leica Geosystems, Switzerland) was additionally used to determine the absolute position of the skier in space (Figure 3 ). During the test-run data loggers and power supplies of both systems were stored in a back pack worn by the athlete. The total weight of the entire measurement equipment was approx. 5.5 kg. The DGPS measured the trajectory of the skier's head with a sample rate of 20 Hz. According to the manufacturer's error of measurement calculation (LGO software, Leica Geosystems, Switzerland) the accuracy of the measured DGPS data were 1-4 cm. The DGPS data were interpolated to a frequency of 120 Hz. These data were linked to the data of the inertial measurement system to enable the analysis of the accuracy of the combined system (inertial measurement & DGPS). Subsequently, this data set was used to compute a second 3D model of the skier by means of Moven Studio 2.1 software (Xsens Technologies, The Netherlands) (Figure 2) . A second-order low pass filter with cutoff frequencies of 10 Hz (pelvis) and 20Hz (other segments) was chosen by default (Moven Studio 2.1, Xsens Technologies, The Netherlands) for both 3D models.
A video based kinematical analysis was carried out to determine the accuracy of the inertial measurement system and the combined system. For this purpose, one turn of the test-run was filmed by 4 synchronized cameras (50 Hz). A calibration cube was used to calibrate the system. The cameras were neither tilted nor zoomed. Thus, the capture volume of the video based system was limited to 1.5 m of the turn. Passive markers were placed at anatomical landmarks of the skier (Figure 3 ). The markers were manually digitized in the laboratory using Simi Motion software (Simi Reality Motion Systems, Germany). Subsequently, the software calculated 3D coordinates of the markers and a 3D model of the skier. The data were filtered by default with a moving average filter (n = 3) using Simi Motion software (Simi Reality Motion Systems, Germany) and were interpolated to a frequency of 120 Hz. To determine the variability of the video based system the distance between two markers placed at the knee and hip was measured and compared with the computed data. A difference of 3.2 cm (0.6 cm) was found, which equals an uncertainty of 4.4 ° (0.8°) for the knee angle.
Data Analysis
Kinematical parameters of the computed 3D models of the skier were calculated. The knee angle, the tilting angle, and the speed of the knee joint were analyzed. Several studies show the relevance of these parameters with regard to biomechanical analyses in alpine skiing (Krüger et al., 2007; Michahelles & Schiele, 2005; Raschner et al., 2001) . The knee angle is defined as the angle between the knee-ankle axis and the knee-hip axis. To determine the knee angle, the rotation of the shank with respect to the thigh was calculated using the position of the joint markers of the optical system and the orientation of the segments measured by the inertial measurement system respectively (Kuipers, 1999) . The tilting angle is defined as the inclination of the ski in a lateral direction with respect to the earth fixed coordinate system. A rotation matrix was used to translate position data of the joint markers (optical video based system) to the coordinate system of the inertial measurement system. This enabled the analysis of the tilting angle of both systems. The rotation matrix was calculated by the multiplication of the inverse rotation matrix of the inertial measurement system and the rotation matrix of the optical system of one segment at a given moment of the ski turn. Subsequently, the tilting angle measured by the optical system (tilting angle of the skier's shank) and the inertial measurement system (tilting angle of the ski) were calculated. Furthermore, the (global) speed of the knee was computed by means of the manufacturer's software and then analyzed. To quantify the results, three sets of differences were calculated: (1) optical vs. inertial, (2) optical vs. inertial & DGPS and (3) inertial vs. inertial and DGPS. These differences were used to assess the accuracy of the inertial measurement Figure 2 -Sensor fusion scheme of the full body inertial measurement system. In the prediction step, sensor kinematics are calculated using inertial navigation algorithms (INS). Using a biomechanical model, the sensor kinematics are translated to segment kinematics. In the correction step, joint updates are applied to the segments, followed by the detection of contacts of points with the surroundings. Other aiding sensors (e.g., DGPS) can be incorporated in the sensor fusion scheme. After all correction steps, estimated kinematics are fed back to the appropriate prediction step (with permission from Roetenberg et al., 2009, p. 2) . 
Results
The accuracy of the full body inertial measurement system with respect to the optical video based system is good. No differences between the inertial measurement system and the combined usage with a DGPS concerning the knee angle and the tilting angle were measured. The results of the inertial measurement showed slightly different knee angles compared with the optical system, especially for the left leg (Figure 4) . For the inertial measurement system as well as in combination with the DGPS the mean value of the knee angle was 137° (1.3°) and 96° (0.7°) for the left and right ski and for the optical system it was 132° (1.3°) and 96° (0.6°), respectively. The mean difference between the optical system and the inertial measurement system / the combination with the DGPS was 4.9° (0.4°) and 0.6° (1.0°) for the left and right ski. In regard to the tilting angle, mean values of 58° (1.0°) and 45° (0.7°) were recorded with the inertial measurement system and in combination with the DGPS. The optical system showed mean values of 55° (1.2°) and 48° (2.1°) for the left and right ski. Thus, mean differences of 3.3° (2.2°) for the left ski and 2.7° (Table 1) .
Discussion
The present study illustrates the application of a full body inertial measurement system in combination with a DGPS to determine its accuracy in comparison with a commonly used video based system.
The maximum value for the mean difference between the inertial measurement system and the optical system with respect to the measured angles was observed at the left knee. In addition, a comparatively small standard deviation (0.4°) of the difference and a high correlation coefficient (0.95) between the video based system and the inertial measurement system were found. Thus, the difference of the left knee angle might result from a systematic error, caused for example by the misalignment of the optical system's marker or the calibration procedure of the inertial measurement system. These points can be Figure 4 -Calculated knee angles of the left and the right leg (right turn) measured by the inertial measurement system (inertia) and the optical system (optical) and additional illustration of the computed 3D models (A: inertial measurement system; B: optical system). considered as reasons for the shown differences in the tilting angle, too.
The results of the speed of the knee indicate that an analysis of the skier's trajectories by using the inertial measurement system solely is not possible. The inertial measurement system cannot predict the global speed and position in a skiing environment (and other gliding sports). Thus, the computed model of the skier does not change its global position. This is a result of the prevailing skiing conditions and the limitations of the used sensor fusion algorithm. Due to the difficult detection of contact points with the surroundings in a skiing environment (Figure 2 ), the correction of the predicted 3D model with respect to the skier's global position is not feasible. For this purpose, DGPS data are useful. The global position of the skier was calculated and thus, the mean difference concerning the speed of the knee decreased.
Considering the measured angles, no differences between the inertial measurement system and the combined usage with a DGPS were found. The performed data linking and reprocessing by using the manufacturer's algorithms (Moven Studio 2.1) has no influence on the posture and the orientation of the 3D model in space. The DGPS data are only used to adjust the global position of the skier. With respect to that, a further improvement of the applied algorithms could be strived for: In skiing the inertial sensor units measure centrifugal accelerations. Due to the fact that the inertial measurement system's algorithms are not able to predict the global position and speed in skiing, the measured centrifugal acceleration data are misinterpreted in terms of the skier's posture and orientation. Improved algorithms adding e.g., DGPS data at the level of the inertial navigation calculations (INS) (Figure 2 ) could be used to further improve the accuracy. However, until now such algorithms are not implemented in the manufacturer's commercially available software (Moven Studio 2.1).
It is important to consider that the presented accuracy of the inertial measurement system was determined in comparison with an optical video based system with a limited capture volume and therefore a limited number of reference data. Due to the fact that the accuracy of inertial measurement systems depends on the application, an evaluation in a laboratory (prevailing conditions in alpine skiing) would not be sufficient (Brodie et al., 2008a) . Hence, the determination of the accuracy had to be conducted in a real skiing environment. Given the common application of optical video based system for kinematic analyses in alpine skiing, it was chosen as reference system for the presented study. Therefore, the accuracy in comparison with the optical system (not the absolute accuracy) was determined. Furthermore, the comparatively slow skiing speed (approx. 12 m/s) and the soft snow conditions can be considered as factors, which have a positive effect on the accuracy of the inertial measurement system.
In conclusion, the application of a full body inertial measurement system in alpine skiing can be considered as useful (Supej, 2009) . With this system, the analysis of kinematical parameters in a real skiing environment with a reasonable accuracy is provided. Compared with optical methods the main advantages of the system are the measurement without a restricted capture volume, and small time costs for the measurement preparation and data analysis. The analysis of complete test-runs becomes possible. Nevertheless, depending on the conditions while skiing (snow conditions, skiing speed, etc.) a varying measurement accuracy might be observed (Brodie et al., 2008a; Supej, 2009) . The weight and the mechanical characteristics in particular of the DGPS may influence a skier adversely. Especially the additional weight (450 g) of the GPS antenna at the skier's head can be limiting, and therefore may influence the skier's skiing technique. 
